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PREFACE

This study stemmed from the clear need 1o estabiish the basic respiratory responses, such as respiratory frequency,
minute ventilation and peak flows of pilots during high performance flight; and preferably with as Jlittle encumbrance from
added external resistance as possible. Such information allows an assessment 1o be made of the effectiveness of systems in
current use in fulfilling these basic requirements, and gives direction to the design specifications of new systems. Measurement
of other respiratory variables, such as end-tidal PCO,, also allows the energy expenditure of pilots during flight to be derived;

and this, in turn, has important implications for the design and performance of aircraft and personal conditioning systems.

Finaily, thereis a need to establish the incidence,
PCO, provides the ideal means of achieving this.

if any, of hyperventilation in flight, and the continuous recording of end-tidal




fo

-

Respirstory Symboiogy & Explanation of Units

in this study, the foliowing standard symbois for respiratory physioiogy have been used throughout:

Symboi Definition
GQuantitative Variebies Gas pressure in general
Gas volume in generai
Ges volume per unit time (fiow)
Instantaneous gas fiow per unit time
Fractlonal concentration of gas
Respiratory Frequency
Resplratory Exchange Ratio
Surface Area
Temperature (amb - smbiant)
Biood volume per unit time (fiow)

OM-Aamm-=>® O~HB-Mg<<D

Qualifying Terms : Gas Barometric
(subcripts) Aiveclsr
insplred
Explred
Mixed expired
Tidsi
End-tidai
Dead space (s-subject; m-mask)
: Biood a Arterial
¢ Genersi ATPD Ambient tempersture and pressure,dry
ATPS Ambient tempersture and pressure,
saturated with water
BTPS Body temperature (37°C) and ambient
pressure, saturated with water
STPD Standard tempersture (0°C) and
pressure (760 mmHg), dry
NTP Normai termperature (15°C) and
pressure (760 mmHg).
Swvp Saturated Water Vapour Pressure

* a dash (-) sbove any symboi denotes a mean vaiue,

Trsditionally, avistion physiciogists have expressed measurements of pressure in 8 variety of units, such as
mitlimetres mercury, torr, pounds per squere inch, and miiiimetres, centimetres and inches water. in this study,
when quoting litareture, the units es originaily pubiished have been repeated but with conversion to the Si
unit of kiiopascais (kPa) enclosed in parentheses. The traditionsi units of miillmetres mercury and centimetres
water were empioyed In the study itself but again the Si conversion is inciuded,

Helght is the term used to denote the distance of an aircraft sbove ground ievei (AGL). Aititude is the term
used to denote the distance of an sircreft above (or below) mesn ses ievel (AMSL) and, in the worid of
ssrospace, is mandatorliy expressed either in feet or ss a fiight ievel (FL); for exsmpie, an sititude of 35,000
feet may aiso be stated ss FL350. This study obeys that convention, but the Si conversion to metres is aiso
given,

Finaily, where necessary, vaiues for numericai conversions from one unit to snother have been taken from the
revised standardization of units and symbols pubiished in 1984 in Avistion, Space and Environmental Medicine.}
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HUMAN RESPIRATORY RESPONSES
DURING HIGH PERFORMANCE FLIGHT (¢

by

Squadron Leader Richard Harding

Senior Specialist in Avlatlon Medicine
Royal Air Force Instltute of Avistion Medicine
Farnborough, Hampshire, GU14 657
United Kingdom

(c) Copyright (C) Controller HMSO London 1987

Summery

The respiratory responses of experienced miiitar, pllots have been studied during flight in @ high performance
jet alrcraft.

Tha importence and relevance of informstion about these responses have been reviewed, with particuler
emphasis on the difflcuitles of in-flight recording and the history of such experimentatio: in four specific
sreas of respiratory physiology: respirstory frequency snd flow, added external resistance, hyperventiistion and
the metaboilc cost of flying.

In the present study, resplratory verlables were measured continuously using an airborne system which recorded
the output from physlologicel and aircraft instrumentation. In order to approach normal respirstory behsviour
more closely, a speclally designed low resistance bresihing system was deveioped and used in conjunction with
a modlfled infra-red carbon dioxide anslyser, A unique feature of the iatter, «lso specisily deveioped, was the
abllity to callbrate the device durlng flight., Inspiratory flows (and hence volurmes) snd expired cerbon dioxide
tensions were recorded aiong with inspired qas temperature, cabln altitude and sircraft acceieration, Mask
cavity pressure was recorded on several occeslons in place of carbon dioxide measurement. Eighteen piiots
compieted a total of 46 experimentai fiights, 23 of which Involved cerbon dioxide sansiysis. Three set fiight
profiles (two genersl handling end one simulated combast) were preclsely deflned to sllow compa.sbility between
subjects. A fourth, iess structured but high workload sortie, involving air combat menceuvring (ACM), wes
flown on two occaslons. e

Records were obtalned of over 38 hours of physiologlcal monltoring, involvino over 47,000 bresths. The mean
resplratory frequency for sll flights was 20.5 bresths.min = snc the mean inspiratory minute volume was
18.8L(BTPS).min"*. The cata wers further analysed for varlous pheses of both routine flight (strapping-in,
tary, take-off, climb, cruise, descent and land) snd menosuvring snd applled flight (high G turns, loops, roiis
and spirals, serobatics snd ACM), Mean respirstory frequency varled from 19.]1 breaths.min-' during routhe
perlods of flight to 22.8 during and Immediateiy aftar menoeuvres, Mesn minute volume war 17.2L(BTPS)min~
end 21.4L(BTPS)min ' respectlvely durlng the ssme sctlvitles. Of the 24 individuai phsses snaiysed, ACM
produced the highest minute volume with a mean of 32.BL(BTPS).min~'. Peak Inspirstory flows were siso
maximal during high G manoeuvres, particulsrly ACM, Pesk flows >150L(BTPS).min-' were seen frequently
(7.45% of all pesks) and occasionally (0,25%) reached vslues >250L(BTPS).min-'. End-tidai cerbon Cdioxide
tenslons, howsver, were maximal immediately sfter enterlng the slrcraft, snd just before and durino teke-off,
with a mean of 42,5 mmHg (5,7kPs), snd durlng low lavel fllght (39.) mmHg (5.2kPe)). Velues durina
manoeuvring flight were Inversely related to the magnitude of tha scceleration insult, with the jowest leveis
being recorded during high-G phases (mean: 3.1 mmidg (4.8kPs)). Furthermore, from the beginning to the end
of a flight, end-tidal cerbon dioxide tenslons showed an ovarall downwerd trend indicative of mild
hyperventllation, Finally, the metabollc cost of flylng was derived from the varlables studied, The mesn oversii
worklosd was 85,2kcal.m='.h ~!, whlle routlne snd menceuvring fllght produced meen workloads of 82,9 and
89.8kcal.m ~%h ' respectively. Of the Individusl phases, strepping-In, pre-flioht taxyino and take-off were
routlne perlods of high workload, with a mesn of %6.2kcal.m=t.h™* , This level was oniy exceeded in the air
during ACM, barrel rolls end rolls (meanst 160.5, 121.2 snd 101,dkcal.m-? ,h~1 respectiveiy).

All of these flndings ere dlscussed snd criticised, with emphasls upon the experimentsi methods, the methods
of enalysls end the asssumptions made, The implications of the results, In the iight of previous knowledge and
the need for design requirements for future breathing systems, sre slso consldered.
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Part 1 - INTRODUCTION

1. _Genersl Considerations

The physiology of man under various environmental stresies has fascinsted sclentists since ancient times. Until
just 200 yeers ago, however, those stresses did nct Inciude that of scute ascent to altitude, nor indeed other
problems of flight such as sccelerstlons, disorientation and, espaclslly, anxiety. The advent of flying machines
posed, and contlnues to pose, challenges for physiology es man hes progressed from balloons to propeiier-driven
and then jet-driven craft; and on upwerds, both literally and technologlcaily, to the sters. War machines have,
throughout history, developed in persilel with technologlcal sophisticatlon: fighting aircraft asre no exception
end are now devastetingly potent. Man hss become just one small but vital cog in the machinery of hioh
performance flying but little is krown of his responses In that environment. Understandably thls ls beceuse, Ly
the very nature of things, In the design and flying of a small fightlng vehicie, at many hundreds of miles an
hour at levels from a few hundred to meny thoussnds of feet sbove the esrth, littie cognizance is paid to
the interests of the physioclogist. The physlological needs of the pllot, however, are recognised and heeded as
far as practicable; ususlly as 8 result of empiriclsm or extrspoistion from ground-based lsboratory findings
backed by studies st simuloted altitudes in decompression chembers. So it is with the respiratory needs of a
pilot in flight. Few data are avsilsble describing the respiratory responses of men during hioh performance
flight end there is & need for new knowledge upon which the design of breathing systems for future fighting
sircraft cen be based.

It is intuitively clesr that such knowledge is vital, perticularly when the increasing sophistication of serisl
warfare tachnology places more and moi: demsnds on the pilot. It could be earqued that these demeands are
mental rather than physical and that there can be no doubt that flying & modern jet aircraft is iess
physically demanding than fiying the old 'battle wsgons'. But can there reaily be no doub:? Does the modern
pilot, weering underwear, socks, gloves, sntl-g trousers, immersion covsrafl, flying coverall, boots, helmet snd
oxygen mask, and perhaps additional protection against chemlcal warfare agents (Figure 1.1), really work less
hard in his cramped and crowded cockpit? Tha answer is not known. Simiiarly, it is not known whether or
not the bresthing systeme provided in such asircraft fulfil the true physiological requirements of their users;
or, in fact, what those true physioiogical requirements are. In other words, is the modern pliot being provided
with equipment capable of meeting his neecs and so ellowing him to function as efficientiy as possible?

Figuwe 1.1 Typicel modern eircrew equipment rrbly
(Including chamicel defence protect




- g0 gy

gy

This study was designed to begin to fiil this gep in our knowledge; initisily by investigeting the ‘pure’
respiratory responses to flight and then by relsting these to the metabolic cost of flying. The foliowing
sections review some aspects of in-flight physiclogical monitoring before discussing these two fields more
specifically.

1.2 In-Flight Physiclogical Monitoring

1.2.]1 Eesriy Studles. On the 21st November 1783, Jean-Francols Plistre de Rozier was one of two people on
bosrd the first ever recorded free flight by men’ He wes also & doctor; and medicine and physinlogy have
retained a close link with flying ever since, The natursl curlosity of doctors snd scientists haz led to a vest
knowledge of the effects of flight upor il sspects of humen physiology; much of It anecdotal and subjective,
sll of it of Interest. It is only comparstively recently, however, thet the difficuities of actually recording
physloiogicsl verisbies In filght have been addressed.

Thus, just 2] years ago, Ceptain Jemes Roman wrote "From 1930, when it weas founded, until 1958, inclusive,
s totsl of seven pepers were published in the Journel of Avlation Medicine which described
electrocerdiogrephic, bicod pressure, or respiratlon dsts obtalned on humans in fiight."’ Some other papers had
also esppesred In non-english journals but all of these eariy studies were principslly concerned with
cesrdiovasculer responses.

In 1931, H von Diringshofen and Belonoschkin messured blood pressure, using an osclllometric method, in
Insctive subjects while flying in bomber sircreft.® In the following yesr, von Diringshofen and his brother
recorded ECG, systoiic blood pressure and respirstory frequency using e pneumotachograph, during linesr
scccelerstions of up to 4G. Under these conditions resplratory frequency increased, ss did heart rete and
systollc blood pressure.® Five years lster, McFarlend end Edwsrds recorded physioiogical dsts from psssengers
snd crew during s trans-pscific flight snd concluded thst elevstion in cerdiovesculst varlsbles (heart rate and
blood pressure) ware only seen If the crew wes under pressure or st some risk. Respirstory dats were not
collected, although some sttempts were made to determine the composition of alveoler gas. White, in 1940 snd
sgein In 1947, studied the effects of mild ‘intentionsl hypoxis' on tha ECG during high altitude fiights bu?,
sgaln, no respiratory veriables were studied.**

In 1943, Goldie measured respirstory frequency, by mesns of an electrically triggered teiephone counter,
throughout a night bombar mission.” Both the pilot snd the Inexperienced observer showed en elevated
frequency during the outward journey when compsred with the homewsrd snd controi levels. Respirstory
frequency was aiso meassured during 2] combat missions st the end of World Wer !l by Kirschl® In his
nerrative sccount of these filgits, which involvad 16 subjects including Kirsch himself, respiratory frequ-ncy
weas messured either by counting respirstory movements of the thorsx or by counting the rise and fail of the
oxygen fiow indicator bobbin. These somewhat subjectlve results revesled s rise in respiratory frequency, puise
rata and blood oressure during times of stress, ss, for axsmpie, whan under enemy anti-sircraft fire. Only one
set of fiqures, for one pliot, wes presented. A considarsble smount of dsts, however, wss accumuisted during
the wsr with regsrd to oxygen consumption in flight, derived from cylinder oxygen depletion rstes, snd these
studies wiii. be discussed Ister (p)2 et seq). }i Is of interest to note here thut these studies slso showed that
sititude per se hsd no effect upon pulmonsry ventllation, provided that hypoxis wss prevented. In 1949,
Narsets made @ shniisr study of SO sirmen during prolonged snd hezerdous flights over the Arctic in madified
bomber sircraft,'’ During flights which sversged 14 bhours in length respirstory frequency fiuctusted
throughout but, despite wide varistions, Incressed on svarege by 9 bresths per minute over both pre-fliaht and
poux-flight ievels of 20 breaths per minute, Thare were concomitant rises in biood pressure and pulse, snd s
fsll In sublingusi tempersture, throvghout the mission. Respirstory fraquency wes slso sffected st times of
stress, but the methad of messurement wes not described and no instsncas of hyperventilstion were noted.
Agein In 1949, Lembert reported a study comparing the responses to scceleration stresses of 24 subjects whlie
on a cantrifuge snd whila ss psssengers during flights in s 2-sest dive borrher.!? Although this study was
lsrgely concerned with visusl symptometology under high G conditions, it was importsnt becsuse pulse rete was
measurad st the ear during flight, displayad on s two tube cathode rasy oscillogreph {together with sircraft
accelesstion) and recorded by s camers mountad In the sircrsft, In tha foilowing yesr, Lembert extended this
stugy to inciude 16 pilots while sither sctivaly flying the sircraft or being flown as passengerv.'®

As 8 prelude to spsce exploistion, 8 considersble smount of dsts was collectad throughout the 1950s from
high sititude bslloon flights. The scientists invclved in this progremme deveioped the art of bio-telemetry to
the point where sccurste redlo trensmission snd interpretstion of physiological verishies was possible routineiy.
In 1954, Barr described sn early tranwmitting system, for use In balloons snd hlgh performence sircrsft.t® Of
Intereat here Is thet the aystem, ss wall ss trenemitting Informstion sbout ECG, EEG end tempersturs, siso
delivared respirstory frequency, messured by tempsrasture changes in a thermistor besd placed in the oxygen
supply hose snd calibratad by splrometry. Raenirstory volume could be derlved from the messured sres benesth
the respirstory excursion curve. This first report gsve no detsils of the craft or oubjects used in the
sssesmment; nor were any numerical results stated. A sknilsr system was ceitsinly used to aqood elfect,
thowever, In the Man-High high sititude bslloon flights during the lsta 19508 when respirstory frequencies of
up to 70 breoths per minuta wers reported.*®

An kmportent aspect of these esriy studies, particulsrly before the scvent of blo-telemetry, was thst, with the
exception of Lambert’s work*’-'’, all required the physiciogicsl observer snd his equipment to be on bosrd
the aircraft, which was theretore ususlly obiiged to be s iarge multi-engined multi-crewed vehicle. With the
cevelopment of Lambert's instrumented dive bombar began the spprecistion of the need for s dedicated test
craft If realistic high performance studies ware to be made,

Some of the relevant featurss and findings of these studies sre included in Tabie 1.1 and wiil be discussed
further in Purt &,
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Alrcraft Type Stedy bste Raf 2 Variablas Stedied Memn Rasslts sf Respiratsry Studias
Rast  Tsxy  iska~- Rowline Appr & Asros/
: . off fiight isnding Combst
LI P A A i[f LS P
Boaber v Olringshofen 1931 & 3 &P
Bombar v Diringshofan 1932 S 87 ,ECG,f
Adrlinar Mcfarland 1937 6 20 BP,HR,alveolar & blood gasas
Bombar/Cargo white 1940/45 7,8 45  ECG & hypoxla
Fightar Panrod %2 89 & W
Bombar Goldia 1943 9 2+ f 13 27
Bomber/Flghtar Lovalaca et al 19k 85 W
Bomber Carlson at al 194 30 W 8.4
Myltl-angine Kirsch 1945 10 16*  8P,HR,skin tesp,pupll size,f 18 17 25
Light Coray 1948 81 3 Matabolic oxygan consumption,f 17 19 18 2
829 Bombar Narsata 1949 11 S0 Sub-Iinqual tamep,HR,BP,f 20 28
2 saat Bombar Lambart 1949/50 12,13 40 Vision under +Gz,sar pulse
beh Hlteheock 1950 86 10  Metabolic oxygan consumption
Jat Trainar/Fightar Balka at al 1956/57 72,73 91 Pyl
Balloons/Jats Barr & Voas 1960 15 ?2°  Telemetered ECG,EEG,temp,f 70
1-15 Jat Rowan 191 19 3 HR,f 32 29 Il
Jats Holdsn at al 1962 20 £CG 8P, f
Jat Trainars Ellls & Wells 1962 74 31 PaCOy yurine & blood analyses
Jat Fightar Roman 1963 3 3 8P MR, f 20 19 18 19
Canbarra Bosbar  Worris 194 29 20 ¥y (darlved Vu),f
Light Billings at al 196% 82 20  Matabolic oxygan consumption,ig,R 10.5
Jat Flghtar Roman 1965 23 6 HR,f (not raported)
Jat Trainar Lorentzan 1965 90 S Metabolic oxygen consumption
Jat Trainar Roman & Brigden 1966 25 1 Mass spactrometry (no results given)
Jat Bowbar Roman at al 197 27 5 HR
Jat Bombar Lewis ot al 1967 28 5 HR,f (overall = 29)
Light Murphy & Young 1968 35 7 7,00, ¥, (professionals) 6.5 16.5 14.5 1.5
16 (amateurs) 19.0  22.0 15.0 15.0
L1ght Littall & Joy 1969 B4 &  Metabolic oxygan consumption,Vy ,HR 10.4 15.6  16.5 10.8 15.1 0.7
Cargo Kaufman at al 1970 83 18 Metabolic oxygen consumption
Ganln at al 197 5 77 Pelly
fightars Morgan at al 1976 38 &  Vg,f 12.5-23.1 5.0-11.8  28.2
Transport Morgan at al 1977 39 8 Vi.f 12.8
it Trainar Macwillan at 31 1976 42 9 ¥ ,ig,f 22.0 26.0

* valuss for ona subjact only were reported

Tabla 1.1 Summery of relavant In-flight physiologics! studies

1.2.2 Studies Since 1958. in 1958, tha Nationsl Aeronsutics and Space Administration (NASA) was estabiished
In the Unitad Statas for the purpose of pesceful axploration of rpace. Thare followed a nascency in which
intarest in in-flight racording blossomed with the inexorsble thrust towards safe spece flight. Even so, oniy a
further 4D or sc papers on the subject have appeared in tha Journal of Avistion Medicire (and Ita
dascendants - Aasrospace Madicine and now Avlation, Space and Environments) Madicine) and oniy one was
concarned solely with respirstory physiology. This asingie paper, In 1977, described @ simple respirstory
monitoring devics, the main attraction of which was that it was inexpansive!® Although it had been used in
flight, no numerical rasuits were pubiished and oniy short examples of the traces obtained were shown,
Nothing further hss been reported of this instrument. Other stucdies have, of course, appesred in foreign
publicatlons, and as military reports with restricted circulations, but very few have deslt with respirstory
physiology alone,

In the Unlted Statas, severai groupa of workers have reportad their efforts in acouirina physiological dsta In
flight. in the lata 1950s, von Beckh (1959) carried out a number of in-fiicht studies on the effects of zero G
(microgravity) upon physlologicai verisbies,'’ This series of rxperiments served to identify and help overcome
meny of the probleme of biomedical monltoring in flight, ECGs were obtained during waightlags menceuvres and
during high ievais of positiva accaleratior. Ware and hls colleaques also refined the automatic measurement of
blood pressure during this period, using an occiusiva technigue snd gated microphone'®, but problems of
sensitivity to nolse and to motion srtafacts continue to bedevil this fieid, Thera Is stiil no reiiabie non-
invasive mesns of continuous monitoring of blood pressure in fiight. In 19€], Rowen describe¢ the bio-medical
monitoring of test flights in the X-15 high-altitude, high-speed, rocket-powered rasearch aircraft.’’ A
pneurotachometer, instailad In the pilot's oxygen system and connected to an on-board recording oscliicoraph,
wes used to conflrm talemetared respiratory datu. Unexpectadiy high cardisc rates and rewpiratory fraquencies
(over J40 beats snd )0 braathe per minute respectiveiy) ware sean prior to isunch, durlng burnout end on
landing: affects which were asscribed to the ‘stress’ factor of flight. Hoiden at al, In 1962, described »
complata systemn for the messurement of ECG, pulse rats, blood pressure snd respirstory frequency in hioh
performence aircraft.’’ Again, biood pressure was measured using an sutosphygmomanometer while respirstory
frequency was detarmined with a pneumotachograph (sita not specified). A mora sophisticated system, as in
Lambert's work ‘%, was used for comparison work on a cantrifuge., It Is interesting to note thst an infra-red
carbon dioxide analyser was used in thls centrifuge system but was “"too lsrge to be installed in the test
aircraft®, Although some informetiva graphs were published with this description, no numericsl values were
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reported and no detaiis were given of the subjects used. Furthermore, whiie the possibiiity of using the
respiratory frequency trace to determine respired voiume vies mentioned, there is nothing to suggest thet this
derivetion wes attermpted.

Aisc in 1962, Romen and colieagues, based first et the United Stetes Air Force Schooi of Aerospece Medicine
(USAFSAM) and then et the NASA Fiight Reseerch Centre, published the first of e series of pepers
describing physioiogicai. studies in high performance aircraft. Specificeily, these studies invoived the use of
fuily instrumented end dediceted test vehicies, the need for which hes eireedy been estebiished. Two modified
2-sest NF-100F jet aircraft were made avaiiabie for this tesm's work as e consequence of the spece
programme and the need to study the effects of weightiessnesa. The first peper described the philosophy
behind in-fiight data gathering and identified several main purposes for such reseerch.’ At thet time, these
purposes were mainily concerned with the spauce progremmme but one, the determinetion of physioiogicei norme
for human subjects in fiight, wess particuiariy reievent (o the present study. The peper eiso eddressed the
technicai probiems of in-fiight instrumentastion. Once egein, however, there is no mention of numericei resuits
of indeed of the numbers of subjects end fiights assessed. Respiratory frequency was measured by a heated
thermocoupie sensor fitted within the quick disconnect of the oxygen mesk hose. The device wes steted to
have zero resistance to fiow and to be independent of motion. Output wes logerithmic and would have
required computer snaiysis to derive respiratory voiumes: comsequentiy, this was not attempted.

in 1963, however, Roman did publish the resuits of a study of three piiots over elmost one year during which
in-fiight biocd pressure, ECG snd respiratory frequency were correisted with fiight data in various situetions.?
Blood pressure was measured by the acoustic cuff method of Were and Kahn'® whiie respiratory frequency
wes again messured by 8 hested thermocoupie trensducer mounted in the subject's oxygen hote. In lster
studies, a heated thermistor was used instead. Minute voiume wss not derived becsuse of the work invoived in
reducing the logarithmic output of these devices, In-fiight varisbies were recorded on a 50-channel osclilograph
mounted in the aircraft end which provided over 1§ hours of continuous recording. Resuits from 9 ‘horedom'
or control flights and 18 ‘erc  rountry’ o experimental fiights were presented. It was conciuded thet

in heart rate, biood essure and respirstory frequency were highly reproducibie in the same
individusi end in simiiar flight circurstences, and that vaiues for aii three were eievated when compared with
basai levais (in fect, no bassi leveis for respiratory frequency were given), Notwithstanding the smeil number
of subjects invoived, this work wes an important step forward in the sttempt to correiste physiciogical
resporses with various in-fiight situstions.

Thereafter, between 1965 and 1967, Roman and his co-workers pubiished a series of fourteen papers, of which
only six were directiy reievant to this review, under the umbreiis titie of 'The Fiight Research Progren. As
before, much of the written word was concerned with theoretical and prectical espects of the need for such
rosearch and the probiemms of instrumentstion, which sgain was primerily directed towards coiiection of
cardiovescuisr data, The first paper described the Research Progrem and its smbitious goais, based upon three
main sreas: research on physioiogicai varishies using a iarge student popuistion, deveiopment of advanced
instrumentation snd development of computer techniques for analysis.”® This prospective report contained no
resuits or findinos but did give a tentaiising picture of the intended scope of this project inciuding the
possibiiity of an airborne mees spectrometer, messurement of oxyaen consumption, high impedsnce eiectrode
techniques, vibrocardiography end puise wave vaiocikmetry. None of these possibiiities has yet borne fuii fruit
in high performance aircraft asithough some aspects were expsnded thecroticaily and practicaily latsr in the
series. The second paper described the resuits of 37 fiights in 2-sest F104B fighter aircraft, in which both
piiots were instrumented for ECG and respiratory signais using a Project Gemini prototype signai
conditioner. **  Aircraft varishies (scceieration, aititude, airspeed, angie of stisck and sidesiip) were aiso
recorded on an on-board photographic osciiiogrsph. Despite apparentiy recording respirstory dats, no comment
whatevar wss made on respiratory varisbies during these high performance fiights, On the other hand, an
irmportant conciusion was that physical risk or denger did not seem to be the factor primeriily responsibie for
the high heart rates seen in such fiights; resther, rasponsibiiity for the mission appeared more reievent,

A emeii (12.7 kg (28ib)) mesas spectrometar, with a fast response time snd cspabie of simuitaneous and
continyous monitoring of up to 12 geses, wss described In the fourth peper’® snd a single, apparently
successful, test fiight briefiy reported in the fifth together with a generei discussion on mass spectrometers
sl their use in aserospace maedicine.”’ Nothing more of this attrsctive ond potentiaily most importent
deveiopment has asppesrsd in the open litersture and it has been suggested that the vacuwum supply pack and
supporting squipment were too heavy end bulky for use in high performance sircraft.’® The seventh peper
reportad the resuits of the first automated monitoring of avistors during combst in South-Fast Asia.”’ A
seven-channei body-borne type of tepe recorder was used but sctusily mountad in the aircraft mep pocket for
ressons of asfaty. Oniy hesrt rata and asircraft scceierstion were recorded aithough the faciiity to record
respirstory frequenty and voice wss avaiisbie and used in ister fiights, Nine filghts yieided ussbie data and
confirmed eariier findings that neither rink nor desnger were the mejor factors determining heart rate in
sxperienced piiots unch> moderste non-physicai stress. This study wes irportent in one other reievent sspect,
in that attention wss paid to the possibie impiications of sjection. This was the first occasion on which
safaty factors ware mentioned. Specisi sttechmen!s to the psrachute harness were desioned to provide for
sutomatic disconnection of aii siectro-physiciogical iesds shouid the piiot eject, The need for, and design of,
such safaty features was of muejor importence in the present study (p24). The ninth peper in this series, snd
the isst of direct roievence to this discussion, reported a subsequent end simiier study of pliots during combat
flying. ** Voice and respirstory frequency wers recorded on this occasion, ss well as heart rata and aircraft
sccaisration. Respiratory frequency wss measured by means cf a pneumotachometer rmounted in the oxygen
hose. Technicai probiems with this devica meant that oniy thirteen hours of Iintermittent recordings were
usabia from the 18 fiights monitored end discrete snaiysis of respiratory frequencies during isunch, bombing
snd recovery wss not possibie. The ovarsii frequency was 23 breathemin='. it was noted, however, that
breath-holding frequentiy occurred during launch, and during unti-g trousers infietion, and wes foiiowed by
deep slow breathing.

Some of the relevent festures and findings of these studies are inciuded in Table 1.1 and wili be discussed
further in Pert A,

From sbout this time onwarde, in-fiight physioiogicsi monitoring oduring hioh performence fiight began to
include the acquisition of respirctory dets beyond that of simple frequency. it must be esmphasised that the
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measurement of respiratory frequency sione is of little value since it is knowiedge of the turnover of ges in
tha slveoli which is neaded. This can be approached more ciosely by measuring both frequency and tidsi
voiume,

1.2.3 Raspirstory Physiology in Flight. Severai areas of respiratory physiclogy are iegitimateiy tha concern of
those involved in aviation medicina., Such araas inciude studies of:

Respirstory frequency, minute volume and peak fiow,
Added externai resistance,
Hyperventiiation,

and the Metaboiic cost of fiying.

1.2.38 Respirstory Fr ney, Minute Voiume and Pesk Fiow. Apart from those studies described above, in
which respiratory fraquency was measured either subjectively by watching the rise and fail of the chest {(or
the movement of sn oxygen fiow meter) or objectively by & thermocoupie/thermistor in the inspiratory supply

hose, very faw othar reports hava bean pubiished giving detaiis of respiratory frequency, minute voiume or
instantaneous fiow.

In 1964, howaver, Norris reportad tha resuits of a study of 20 piiots fiying Canbarra jet bombers during 21
training fiights.** Respiratory frequencies and minuta volumes were racorded continuousiy; the former by
means of a skmpla countar iinked to the magnetic fiow indicator of the oxygen raguistor, and the iatter by
mesns of sn anemometer. Mesn respiratory frequency was 17 - 18 breeths per minute and mean puimonery
vantiiation wus reported ss 13 - 14L(BTPS).min-?, Although discrete anaiysis of these variables during various
phases of fiight {(such as take-off, overshoot, GCA snd landing) was carried out, no significant verietion in
the mesn vsiues was demonatrsted. These figures correiated very weli with previousiy published wartime vaiues
for the pulmonsry ventiiation of aircrew, basad on bottie oxygen consumption (is caiibrated reservoir, pressure
drop) techniquas and not on direct physiologicai observation, It shouid be noted that figures caicuiated in this
manner incorporata an oxygen ieak of unknown magnitude, ir two such Americen studies and one British,
svarsge velues for 'resting' sircraw ranged from 10.0 - 12.9L.min— end for sircrew in simuiated combat from
21.6 - 36.0L.min -, ** Carison et ai®*, in 1943, had daterminad the 90% requirement (thet is, the volume
required by 90% of the popuiation) for inactive omber crews to ba 18.4L(BYPS).min-! whiie 18L(BTPS).min*
had been racommended as the United States Anay Air Force standsrd.’ The United States Nevy reported a
highar figura of 23.7L(BTPS)min-* during in-fiight studias of moderetely active eircrew?! and a report in
1960 had rccommended simiiar figures for a design standard: vaiuas of 25.1L.min~"* to embrace the needs of
95% of tha population, with a mean of 12.6L.min-'.** Norris's study®’® was aiso of importence in thet
corment wss made with regard to the addad externai rasistance imposed by the bresthing system wupon
raspiration, and to its possibie effects, (p9). Finaily, Norris reportad that, from derived velues of aiveoier
ventilation, high respiratory frequancies were often essocieted with e reduction in puimonary ventiiation. He
conciuded thst s diagnosis of hyperventiiation based on respiratory frequency alone was invaiid, 'pll).

in 1965, Ermsting wrote that "Nxygen aquipment must be capebie of meeting the puimorary ventiietion
requirerments of sircrew both on the ground snd in fiight.”** He went on to explein the importence of
knowing the magnitude end form of breathing patterns under sii conditions. At that time, hused upon the
1940s studies deacribad sbova®'-*® and others, he summarised the respiretory minute voivmes of aircrew free
of hypoxia under various conditions of flight thus:

Seated inactive 10 - I5L(BTPS),min =*
Seated Active 15 - 25L(BTPS).min =*
Mobiie 25 - 4DL(BTPS).min ~*
After running to sircraft up to 100L(BTPS},min~*

Norris's own fiqures ** cieariy correiste weii with these consoiidsted data eithough the wide individuai
veriation in responser noted by him must be emphasised.

In 1968, Murphy snd Younqg made a carefui study of 25 piiots (smataur anc professionai) fiyina lioht aircreft
st low altitudes,’® The study was primerily concerned with the incidence of hyperventilstion in fiioht by a
considerstion of end-tidei carbon dioxide tensions (pll), but expirstory minute voiumes were aiso messired by
means of a Wright respirometsr (a compact turbine type spirometar; mounted in the cockpit, Aititude was
meintsined st or below 1,200 feet (366m) to minimise changes due to air density, A cleer difference between
smateur snd professionsi pilots was denmonetrated, with the former ventiiatina more during eil phases of flight,
In agdition, higher minute volumes were seen in nun-current piiots (cf current), in first fiights of the dsy and
in the sarly etagee of a tric (taxy, take-off and cikmb), Some of these rewits ere inciuded in Table 1.1 (pé).

Littla alse was reportad in this fiaid for eight yesrs, when a series of technicai reports anc miiitary papers
sppeared describing respiratory messurements in  high performance aircraft in en attempt “to better define
breathing system desion paremeters.” **®

In the United Ststes, Morgan at al from USAFSAM deacribed the development and use of a so-cailed In-
Flight Dats Acquisition System (iFDAS) '* This ambiticus project, appsrently s continuation of Romen's work,
entsiled the continuous and simultaneous recording of expirstory fiow (and hence respirstory freauency, minute
vertilation snd tidsl volume), inupired-expired oxygen concentration difference, ECC, aircraft acceieration,
cebin pressurs, voice end time index, Expiratory fiow was measured by a differentiai flow transducer and the
oxygen concentrstion differsnce by twin polarographic oxygen sensors.’’ No oxygen concentration resuits heve
been pubiished dut preiiminary findings for expiratory volunes in both fighter'® and transport®® aircraft were
reported In 1976, Yhe dets were snalysed for various in-flight situstions - taxy, take-off, cikmb, eruise,

spproach snd landing - snd some of these resuits are surmarised in Tabie 1.1. The umportant
conclusion drawn from both of these papers was that messured values frequently exceeded those xtated as
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scceptsble for the design performenca of asircreft breathing systems and this was most obvious during the
teke-off snd landing phases. A consolidetad and anlerged report was published in the foliowing yeer confirming
the esrller findings but adding no new informetlon.’® In 1979, the iIFDAS was egsin described in a military
publicstion; thls time recording Insplrstory fiow, hesrt rete and skin temperaturs in sddition to those variebles
monitored previously.** The complicsted masikc essembly, Incorporating elther 8 diffsrentlal flowmeter or en
ultrasonic flowmetsr snd sn oxygen sensor, as well as the supporting In-flight and ground-based equipment was
under avslustion In the lsborstory st thet time. Nothing further hes been reported of the syctem and the
project Is now believad to be in abayance. **

In the Unitad Kingdom, s singls paper by Mscmillan et el in 1976 raported the resuits of a slmiler study to
that of Morgan at el'®, but in this cese using s dedicated test sircreft (ths same one a8 was used in the
present study). *® The impetus for this work was the devalopment, in the Roysl Air Force, of new bresthing
systems for use In a chemically contaminated environment and the need to confirm existing system design
requirements. Ineplratory flow, Insplred ges tempersture, cebin eltitude end slrcraft sccelarstion wers
monitored snd recorded on sn on-bosrd megnetic tspe recorder. Nine pilots were studied, using s standard
bresthing system, during aserobstic menoeuvres: s mesn pulmonasry vantlistion of 26L(BTPS).min=* was reportad
with a mean pesk Inspiratory flow of 116L(BTPS).min ™. Pesk flows in excess of 150L(BTPS).min=* and
pulmonary ventlletions sxcessding 40L(BTPS).min=: wera recorded Infrequently and wears not sustelned. The
study slso :evasied 8 significent differenca batwasen those sctively controiling the asircraft and thosa
axperiancing the mencauvres passively ss pessengers, s finding which supports Roman's csrdiovascular studies’’

The present study may be ragsrdad ss en axtension of this British work.

1.2.3b Added External _Resistsnca. Intarastingly, none of these more recert studies, epart from that of
Morrls®", and certslhly none of the serllar raports, avan commented upon tha addad sxternai resirtance to
brasthing impased by the system in use sithough this undoubtedly has an affect.’® And, lndeed. severai
reports appesrad during the war describing subjectlve resistance standsrds for oxygen equipment.'' The sdded
sxtarnsl resistanca of any brasthing system should be as low as possibla end, ideslly, shouio ba zero. That
this Is not possible practicably hes long bsen racognised In tha technical specifications for bizathino systerms
in use with aircraft of Western air forcas, (pl5 et seq).

In this discussion, the tarm added external resistence will be used to describa the additional pressure imposed
by ® brasthing system, snd present throughout tha antire respiratory cycle, for a given flow or instantanaous
pesk flow. This hes long been resgsrded &s 8 convanlent relstionship for respirstory equipment, particuiarly
when pressure tends to be raslsted iinassrly to tlow. Numerical esxprassions wlli therefore bs negstive during
inspirstion and positive during explrstion, snd wili describe the pressure swing or change st the mouth of the
usar,

No in-flight studles have bean cserried out with specific ragard to either the magnitude or effects of sdded
extarnsl resistsnca but it is entireiy rassonsbis to supposa that such affacts as seen In the isborstory wili be
st lasst as grest In the air. Thus, 8 brief conslderstion of tha effects of added rasistsnce upon respiratory
varisbles is spproprists here; particulsrly sinca Ernsting has ststed that "In iasying down the physioiogical
deslgn critaris for oxygen ogulpment, tha resplrstory minute volume is of lesss; importance than is the
maximum Instanteneous flow ..... The flow of sir in and out of the respiratory trect changes very rapidiy,
and ruplr.}ory squlpment must be capabia of responding to these changas with the minimum of fiow
rasistanca.”

In 1943, Slivermsn et al photographed tha dispiscement of a fine pistinum wire, with no apprecieble
rasistence to flow, In ordar to study tha inspirstory flow psitarns of individusls working at different levels of
sctivity and bresthing agalnst verious degrees of externai resistance.'* Analysis of the respiratory patterns
obtsined st minimum rasistanca (<5 mm water (0.05kPs) st 100L.min "), revesled the following features:

At _rasty Inspirstion sterts with a repid Incresse in fiow to sbout 25L(BTPS)min~* over 0.1 - 0.3 sec
and then rlses mora graduslly to s pesk of sbout 32L(BTPS)min-'. Alr fiow then faiis to zero st the
end of inspirstion, the whoie taking 2 - 3 sec. Expirstion foilows immediateiy, lssts ionger, but has a
lower pesk. Tha rastio of pesk inspirstory flow to minute volume is sbout 3:l.

During Moderats Exercise: Respiratory minute volume incresses as s result of both incressed resplrstory
frequency and Incressed tidsi voiume. The durstion of each phree is shortened (expirstory more than
inspirstory) and so pask fiows incrasse, ss do rates of change. The rstio of pesk inspiratory flow to
minuta voiume decreasses to about 2.51.

During Hesvy Exercise: The durstlon of the expirstory phasse of the resplratory cycle mey be iess than
that of the inspirstory phase.

The addition of resistanca to bresthing siters the shapes of these patterns dramstically and hes incressingly
obvious affects on respirstion. Theee effects were first descrlbed by Davies et al in 1919, when it was
found that imposad prassura swings at the mouth of +/- 10 cm water {(+/- 0.98kPs) caused a siowing and
deepering of respirstion wlith carbon dioxide retentlon, Raising the axternsl resistonce further changed the
brasthing psttarn fram siow and deep to rapld and shaliow; the change occurring when normai Inspirstory peak
flow was halved. Subjective feeilnge of ssphyxia sccompenied this imposition. Latar, Klilick found that carbon
dioxide retention asleo occurrad if resistance was imposed during inspirstion only*®, snd Its s:cumulstion was
ssid to be responsitis for the symptome of distress seen during resistance bresthing, Hart, in 1946*°,
asteblished that subjectiva feelings beceme spparent, during quist brasthing, when the pressure fiuctustlon st
the mouth axceeded sbout 16 mm water (0.16kPs), and wers uncomfortsble by the time resistance resched 35
mm  water (0.34iPs). He slso demonstrated that the .stios of pesk Ineplratory and expirstory flows to
pulmonary ventllstion decreased s bresthing resistence In-ressrc. It i3 of Interest to nota thst the highest
pesk irapirstory flow recorded In this study wes )94L.min"~' a‘tsr vary hesvy exarcise. Latar studies described
the changys seen when resistance wes edded during lnepirilion slone, during expirstion slone or durlng both
(as In asircraft bresthing systems). Ernsting has criticised thsse sxperiments ss being of too short s duration,
but summerised the results as showing that imposaition of externsl resistence in alther or both resplratory
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phases causes a fall In minute volume which Is greatest when both phases are affected.’* Imposed reslstance
slso reduces the rate of change of, and peak, air fiow and proiongs that phase which Is belng compromised.
Predictably, the phase which is unaffacted behaves normaily, at least at first.

Further investigations In the 1960a end 1970s confirmed end refined the findings of this early work both with
respect to the level of detectsble resistance and with regard to the physioiogical corsequences of added
externsl resistance. These studies were principsily concerned with either the performence of open circuit
respiratory protective devices, such as those used in conteminated environments, or with the possibie
Implications of findings in healthy subjects for those with obstructive airways disease.

Cempbell and his colieagues, in 1962, found that, during qu..! breasthing, inspirstory-expiratory loads with a
mesn of 0,59 cm waterl -'.sec ~' (0.06kPa) were detectable,*® The asbility to so detect was ascribed to a
varistion In normal perception of pressure-volume raistionships or what they termed ‘iength-tension
insppropriateness’. Newsom Davis was later {1967) to conciude thst such earceptlon depanded upon somatic
receptors in the chest wall, snd specificaliy the thorscic joint receptors.*’ Other groups of workers have
assessed the oversil additional cost, In terme of work, of added respiratory resistence. In 1965, Tsbakin et ai
confirmed sarller findings of reduced minute volume, oxygen utilization snd carbon dioxide eiiminstion when
expiratgr.y resistance was ralsed, but slso described unpredictable changes In cardiac output and central biocod
volume, They concluded that the imposed external resistance was modifying gas distrlbution in the lungs snd
compromising  ventilation-perfusion ratios. Later work, by the ssme group, revesied s decresse in lung
compiiance associated with resistance breathing which, It was believed, confirmed the occurrence of aiterations
in puimonary blood voiume.*'  In 1966, Thompson and Sherkey slsoc demonstrated reduced oxygen utliization
associated with externai respiratory ioads, and reistad recovery of this oxygen debt to the ievel of air fiow
resistance, particulerly at high workloads.®* Cerreteili et ai, In 1969, conciuded that the ventiiatory responses
to sxerciss when airway resistence is eieveted (in this cess considersbly: up to -60/+46 ecm watar (-
5.88/+4.5kPa)) are due to a combination of decreased minute voiume end increased work of bresthing; and whiie
maximum oxygen upteke and the capacity for muscular work sre reduced In a manner directly proportionsi to
the added resistance, the reiationship between oxygen uptake and worklosd is unchanged.*’ Cralg et ai (1970)
ralated time to exhaustion directly to the magnitude of Imposed resistance’* Again, however, these
experiments were of short durstlon and invoived few subjects. Simiiariy, a study by Demedts end Anthonisen
(1973) on the effects of respiratory ioads during steady-state exercise covered perlods of exercis2 of up to
only five minutes. ** Nevertheless, the auttors conciuded that "The resistances of breathing circuits, if they
are not very high are not critical In determining ventiiation during steady-stste exercise®. "Not vary high” in
this context presumabiy meant iess than +/-40 cm wster (+/-3.9kPa) at 6L.sec™', since this resistance csused
only a ]2% decrease in ventiiation during meximum exercise. Maximum exercise capacity was aiways achieved

with added loads up to that ievel while ventiiation was grossiy reduced and maximum work levei limited above
it.

It is a consistent criticism of all these studies that there appears to be littie uniformity, if any, with reoard
to the way in which imposad resistance is expressed. Often, the very resistances under study are either not
defined or sppear oniy es graphs of pressure-fiow characteristics. Inevitably, comparisons between studies are
difficuit, if not Impossibie, Despite this lack of useful aquantitative materiai, the overail effects of added
resistance are weii-established and are surmarised in Figure 1.2,
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Figue 1.2  The physiclogical effects of sdded externsl resistance
to bresthing upon cardio-respirstoey functlon

The magnitude of scceptsbia ievels of breathing resistence, ss spplied to sircraft systemms, wili ba discussed
later (pl5 at seq).

it is ciear, therafore, that added extarnal resistance is sn undesirsble bul inevitabie feature of sny bresthing
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system. This is not only beceuse of the effects discussed sbove but elso because, aithough hypoventiiation ie
the normal response, to complicate matters further, “There is littie doubt that, in susceptible subjects, the
addition of casistance to breathing can cause hyperventilation with e consequent hypocspnia.**

1.2.3¢ _Hyperventiistion. Hyperventilation may be regarded es pulmonary ventilation greater then thet required
to maintain normal csrbon dioxide tensions In the body. The eymptoms and signs of hyperventiietion ere
entirely attributsble to the resulting respiratory asikslosis, They sre weil-known, and include lightheadedness,
feelings of unreslity, enxiety, paraesthesise, visuai disturbances and paipitations; but their diversity ieads to
difficuities with clinical diagnosis. Such symptoms commonly occur when P,CO, fails to 20 - 25 mmHg (2.66 -
3.33kPa), while tetany, or even unconsciousness, elthough rare, may be expected if PoCO, falis below 15
mriHg (1.99kPe).*® Of the many csuses of hyperventilation, those of particuiar relevance to evistion may be
summarised thus:

8. _Environmental Causes. it has iong been known that hypoxis, including acute hypobaric hypoxie,
stimuistes respirstion snd much evidence has been presented to eiucidete and confirn the underiying
mechanism of Incressed peripheral arterlai chemoreceptor discharge.*’

Sinusoidai verticai vibretion at up to 10 Hz, such as might be experienced in sircraft during turbuient
flight, has been shown to produce hypervantilation _robsbiy as s resuit of discomfort, labyrinthine
stimulation snd the addition of oeciilations upon the respiratory tract end sbdominsl contents.**

Thermal strees, in the foom of exposure to both hot snd coid environments hss been shown to cause
hyperventiiation. Thus, an increase in deep body temperature was accompanied by a rise in tidsl voiume
but a fall in respirstory frequency. The Incresse In pulmonary ventiletion was oniy accompenied by e
fali In PgyCO, when deep body tempereture had risen 1.5°C** Immersion in coid water et
temmperatures of 29°C and 10°C produced a rise in respirstory frequency snd s fali in Pgy CO,, the
changes being more severe st the coider tempereture. Like changes occurred during moderate exercise in
coid water, but heevy exercise produced e smaiier reduction in Pgr CO, and resembied the findings in
warm water,**

b. Psychologicsi Causes. in heeithy subjects fear, enger, pain and extreme emotion have aii been quoted
as potent csuses of hyperventiistion, possibiy es e resuit of sdrensiine and noradrensiine reiesse es part
of the Flight or Fight' resction.** Anxiety is probebly the most potent ceuse of hyperventiietion in
flight, (p12).

€. Pharmacoiogicsl snd Pathoiogicei Ceuses. Drugs, such es selicyistes and eneieptics, may stimuiste
respiration as ey disease states inciuding pulmonariy disesse, snaemiss and pyrexiss.®? None of these is
likely to affect aircrew in flight, however, uniess they are siready ili and self-medicating.

d. _instrumentei Casuses, As described ebove, added externai resistance to bresthing may produce
hyperventilation in susceptibie individuals, asithough hypoventiiation is the normsl response.’* An extreme
case of added expiretory resistance occurs during pressure breathing without counter-pressure, when such
s manoeuvre at 30 mmHg (3,99kPs) may reduce P4CO, to 28 myrkig (3.73kPa).*?

No matter what the precise cause of hyperventilation, the potentisi for disaster is obvious if it deveiops in »
piiot whiie fiying his sircraft,

in 1941, the first description of a case of hyperventilstion in fiight was published by a oroup of workers
from the Mayo Clinic.*® Over the next few years, the same group reported further incidents, discussed their
csusstion and mensgement, and decisred hyperventiiation to be s potentiai hezerd for aircrew®*, thus
supporting sn original suggestion made over 20 years ssrlier by Briscoe.*® From thst time, however, ss Gibson
(1979) pointed out in s review peper*’, opinion was divided ss to the importance and incidence of
hyperventiistion in fiight. Many workers, snsiysing routine fiight dats, and that from incidents and accidents,
found a very iow incidence of hyperventiiation $%.%% 088,08  hije other groups reported s creistively high
frequency 'L.78.75. 1078 | Intarestingly, the forner group tended to be those examining evidence retrospectively
while the latter attempted to messure PCO, quantitstively, Thus it seerrs that an objective disgnosis of

hyperventiiation is not necessarily accompsnied by the subjective appesrance of symptoms snd signs. A
summary of these studies is at Table 1.2.

Of particuiar raisvence to the present study were the attempts to measurs PCO, in flight. Baike et i’’’
snd Elils snd Walls °* used simiiar equipment to messure mixed expired carbon dioxide tensions. Four separate
saiplas ware coilected into gas sarpling tubes via a mixing bottle at various stages during each flight. They
wera then analysed on the ground by either the Haidsne technique or an infra-red analyser. The assumption
wes made that mixad sxpired tensions wera the same ss slveoisr tersions; the maeximum error in this
sssumption baing stated ss +/-5 mmHg (0.66kPa). This somewhat qilb nesertion paid no account to the changing
relationship between dead-spece and tidsl voiume, end Gibson estimetsd the erior to be considersbly greater
then 5 nwrkg (0.66kPs) st normsi minute voiumes, aithough it decreased as miruts voiume rose'* The
assumption was therefore grossly erroncous and may account for the high incidence of hyperventiiation
reported by these suthors, Notwithsianding this criticism, Balke's group did claim a significent incidence of
hypervantilation at all ievels of piiot expertise. Furthermore, the incidenca .ncressed significantiy as the
performance of the asircraft incressed. The role of experlence, »nd indeed of the level of prectice, even on
the same flight, was demonstratad by Murphy and Young in 1968**, but this lime most clasrly on minute
ventilation rather thsn carbon dioxide tersions (pl). indeed, the latter, messured as end-tidel PCO, with an
on-board infra-red analysar, remained normai in nine of the ten piiots studied and aven the exception did not
lowar his PgyCO, to a symptomatic level. These conciusions supported those of Norris four years earlier in
that a diagnosis of hyperventilation based on respicatory frequoncy sione was irvalid.®® Norris had proposed
the messurement of Pg1CO, as the next stage in his own research, Genin ot al, in 1975, used a discrete
sampling technique for PgT1CO, terwions, but their resuits (low resting values of 32 - 24 mwHg (4.27 -
3.12kPa )' probably reflact mixing of the expirate and must cest some doubl on the validity of thelr in-flight
findinge. ' *
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Study Osts  Ref Accldests/ Rosting Flights  Nember sf svists
Iscidests revieved stiridetsd ts
revieved Nypervast!lstisn
IeSPECTIVE
Konscel 1956 67 3 [}
Komacel 1955 68 286 0
1956 67 332 4
Mullinax & Dion 1958 69 L] 0
Talbot 1958 n 620 27
Rayssn w3 N 89 1
Raysan 193 N 146 10
A/C  Messsrad Sebjscts & Iscidescs sf
Type Fllghts Nypervastilatisn
L ratiossls
PROSPECTIVE
Salks at sl 1956 7 133 ’t':"z 26 1n 85 42% < 20mm Hg
Balka et 3l 957 B 133 " 29 in 125 41% < 30mm Hg
86 2 19 in 6% 63 < "
F100 ] 17 in 1% M/ "
Ellis & Wells 192 M 133 J n e
Murphy & Young 1968 35 Light P“COZ 10 Nl
Genin et al 195 75 L) 77 in 12 Mean fall of Smm Hg

with furthar falls
at times of stress

Tebls 1.2 Summary of studles of
the incldence of hyperventlistion in flight

That hyperventllation occurs In flight Is not disputed and it has been clted as a possible and probable cause
of many incidents. In 1983, in & 10 year review of 146 cases of sudden In-flight Incapacitation in military
aircrew, Raymen attrlbutad ten to hyperventiiation associated with anxiety; all of which occurred in
trainees. ’’ Ernsting and Sharp (1978) have stated that 20 - 40% of student alrcrew ere balieved to develop
symptometic hyperventilation at some stage durlng their flylng training, while experienced alrcrew are certainiy
not immunet* But there Is clesriy a need to astablish, rellably, the Incidence of hyperventilation during hioh
parformance {light, Gibson had concluded tha same in 1979'?, but realised that operational constraints
pracluded the use of any invasiva technique. He recognised that "The ideal way would be tn measure in-flight
PeyCO.", but technology at that time was not capsble of so doing.

While the sbova account has dealt primerily with tha incldence and effects of acute hyperventilation in flinht,
It Is also of importance and intarest to establlsh whether prolonged mild hyperventllation occurs durina a long
and demending mission; and, if so, what ara Its implications, particularly with reqard to performance. Such

mlld hypervantllation was first suggestad as a possible cause of In-flight pronlems by Hinshaw et al in
1943,

1.2.3d_The Metabolic Cost of Flylng. The magnltude of carbon dioxlde production in flight clearly has other
Implications, bayond those of hyperventilation, for It Is one means of assessing the metaboiic cost of flylng.
Such knowladge, In turn, Is of importanca for the desion wnd perfnrmance of sircraft and personal conditlonino
systems. Once sgaln, howevar, there is a pauclty of information concerning the enerqy expenditure of pilots in
all types of aircraft snd especially In hlgh performance vehicles,

Although information does exist concernlng the energy cost of performing & wide range of actlvitias, Passmore
snd Durnln, In 1955, were only able to find one report of measurements made In flight.'® Twalve years lster,
in a follow-up study, the same authors statad that no further aitborne studles had been conducted.® In fact
sevaral studies had mppeared In the open litaratura by that time and several more have eppesred since. In
1971, a reviaw of the available llterature by Sharp at al provided a vary useful account anc analysis of the
then state of knowledge.®* Thest authors chose 1o distinguish between studies concerned with lightweight
slrcraft (singla end twin englned), multl-englned heavy alrcraft, helicopters and high performance alrcraft: this
spproach Is alse used bhers, along with a comlderation of some qround-based aspects. Similarly, their
expression of energy expenditure In units of kcal.m “*h=' for all results (which Involvad conversion of some

publlshed flgures) 1o allow for comparabliity was most useful, and has bee.. perpetuated. Numerical values for
the studles discussed are comeolidated In Tabla 1.3,
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Alrersft fype Study Ists Ref s Nean vslues of seurgy sxpended (kcli.n'z.h‘1) fsr sircrov during:
fassi Rest fsxy foke- Rowtine Apprssch & Asres (ombat Emers lover tatss
sff{  flight laading
Fized-wing Light
Plper J3 - Coray 1948 81 50 8 -9
Plper Apache Bllllngs ot o1 1964 82 20 L1} 55 64
Plper/Cassna Murphy & Young 1968 35 25 95 U
04 Baaver Llttell & Joy 199 8 & 32 53 81 84 54 1] 53
Finedving Neavy
W 1I Lovelace ot o1 1944 85 () 58 Pllots,
105 94 Others
oC 4 N] teheock 1950 86 10 45 (90)
€123 Keufmen ot ol w0 83 2 52 $1 58
(2} 1} ] 49 S 68
k¢-135 [} (Y] L1} (]
Seiicoptars
oN-6A (11ght) Littell & Joy 19%9 8y 8 % 53 6h 0] 67
UR-13 (asdlem) 8 s 53 49 55
CH-A7A (Roevy) 7 7 M 62 52 62
J-CH3 (naevy) Keufman ot 8l 970 8 9 51 (1] 69
UK-12 (11ght) $lllings st o) 1970 87 & 1] 85 3 97
Gezella (11ght)  Thornton et &1 1983 88 6 43 61 68 CJ
fuma (asdlon) 6 59 9% m o0
Flxed-wing Nigh farfarmasce
W 11 Flghter Paorod 192 89 8 1] 46 65 i
W Il flghter Lovelace ot o1 194h &5 52 81 .
133 Jat Tralear  Lorentren 19%5 90 5 (1] 52 98
[F-9F simulator] Tlller ot ol 1957 91 9 50 66 59 65 ” 7
Mesas 3 L 3 66 62 66 7 78 69 7
* Figures computed by Keufwsn st e1° fros V[ (sen text) ** Assumes seen body surfece eree of 1.8e°

Table 1.3 Suvmmeary of studies of energy axpended by alrcrew
during flight in various alrcraft types

Lightweight Flixed-Wing Aircraft. In 1948, Coray measured the oxygen consumption of three pllots, of differing
axperianca, In a singis-engined alrcraft.’’ Oxygsn consumption was measured by mountlng an oxygen-filled
splrometer in the aircraft and cbserving Its dapletion. Highar anergy expenditure was seen In the two less-
experiencad pilots snd was sttributed to sn Incresse in muscular tensicn as » result of anxiety, rather then to
any extrs muscuisr affort needed tr. fiy the aircraft. Sixtecn yeers later, using an open clrcult method,
Blilings st al messured the oxygen ronsumption of 20 sxperlanceo piiots during the finsl stagas of flights in 8
twin-engined alrcraft.®® The axacutitn of an Instrument approach pattern resulted in 8 45% Incraase in eneray
sxpenditure over rasting lavals (68kcalm~*.h ' cf Ad4kcalm=*.h-'), In 1968, Murphy and Young attempted to
clerify the Incidence of hypsrventilation In pilots of light alrcraft, (pl1).’* Their measurements of pulmonary
ventllation wera used by Ksufman at al, in 1970, to derive oxygen consumption.® Severasl assumptions were
mede for these derivations Including a raspiratory exchange ratic of 0.83, a mean body surfsce ares of 1.8m’
end ® caloric equlvaient for oxygen of 4.83. A ralstively bhigh mean value for energy expenditure
(95kcalm=*.h™') was not explsined but mey hava been due to the markad differences seen between
inexperlanced and axperlencad subjects In this study. Although this difference was suggested by Corey's
study **, it was not conflrmed by other work, Including that of Kasufmen et ai. *'

In 1969, Littall and Joy, In a study which Included one fixed wing aircraft as well es threa types of
heilcoptar, measured oxygen comsumption from explred minuts volume snd explred oxygen tension using & Qan
metar snd @ parsmegnetic oxygen snalyser (la an open circuit tachnlqua)."* They also recordsd ECG in flight.
Thelr results clasrly demonstratad Incressed energy sxpenditurs at times of high phvsical actlvity (take-off and
lending) compared with routine filght. During the isnding phase, energy expendlture was somewhst higher
(75kecalm™*.h~' of 64kcalm “*.h ™) than that found during the same phase by Billings at sl** almost
certalnly becsuse of diffsrancas In the physical effort needed to fly the alrcraft Invoived.

Heavy Flixad-Wing Alrcraft. Msatsbolic oxygen consumption, derlved from wartime veluas of pulronary
ventilstion reportad by Lovalece at al In 1984°%, was again computad In the study by Kaufman et al'’ In
addition to the sssumed values used In the simllar traatment of Murphy snd Young's paper’’, It wes assumed
that no hypoxic stimuistion to brasthing had occurred and, to thst end, only those data relsted to flights
below 10,000 feet (3,048m) were used. From these calculstions, mean anergy expended by pllots during routine
flight end combst wac sald to be 58 - 64kcalm=-".h-' and by other, more sctive, alrcrew (eg qunners) 94 -
105kealan ~%h=1, Interestingly, for both groups, the lower tigura representad that In combst. In 1950,
Hitchcock, wsing an open circult technique, reported thet mrqy axpenditura approximataly doubled during
routine flight snd menceuvres when compared wlith resting values.'® Numerics! values in flight wera not glven.
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Ksufman et al®?, as well ss derlving and comparing results from earlier studies, such as that of Murphy and
Young *® and Lovelace et al*f, messured oxygen consumption themselves, sagain using an open circuit
technique, In three types of heavy cargo aircraft (and one large helicopter) during routine flight snd simulated
emergencies, Their results compsred well with previously reported findings end they concluded that energy
expended by pilots during routine flight in heavy aircraft wea little grester then thst expended at rest.
Furthermore, pilot experience did not seem to affect energy expenditure in this type of sircraft.

Helicopters, The studies by Littell and Joy®* and by Kaufman et al* both included messurements on the
pilots of four different types of helicopter with markedly different flying characteristics and complexity.
Despite this, results for all four types were remarkably consistent: the most energy-demending phases of flight
were emergency situations and hovering close to the ground. Billings et &l, also in 1970, confirmed the close
hover s8s the most demanding phase of normal helicopter flight, but consistentiy recorded higher energy
expenditures in flight than either of the other studies.®’ This wae sttributed to the presence of more
sophisticated control systems in the lstter. In 1983, Thornton et al used the Oxylog to messure oxygen
consumption end inspired volume in two types of military helicopter.®® Their results showed thst the mean
energy expenditure for both types in level flight was 50% higher than thst when sitting st rest, and that
there was a 15% increase over level flight energy expenditure when hovering.

High Performance Flxed-Wing Aircraft. Kaufman et al®*, using the same procedures as before when desling
with previous wrrk, derived the metsboiic oxygen consumption of pilots flying World Wer 11 fighters, from the
pulmenery vent'lstion dats of Penrod®’ and of Lovelsce et al.*® Again, these estimates correlste weli with
more recent data from other aircraft types. In 1965, Lorentzen measured oxygen consumption in five piiots
flying & jet trainer sircraft.”® Aerobatic manoeuvres, designed to simulste supposed worklosds during combat,
were undertaken and a mean value of 97kcalen ~.h = obtained. This high figure, when compared with all
other studies (except helicopters in low hover), was obtained from dsta collected over & very short time, with
consequently littie chance of steady state conditions being present. There were also some outward iesks from
the facemask, thus shedding doubts on the sccurscy of the ventiiation messurements. Indeec, Lorentzen had
conciuded that '“continuous measurement end recording would natursily provide the most certain results
concerning the status st each giver moment during flying."

Becsuse of the very considerabie difficulties surrounding in-flight studies of this sort, several oroups of
workeras have assessed the energy expenditure of pllots while flying simulators. The results of one such study,
by Tiller et al in 1957, provided close correlstivn yet again with in-fiight fioures published previousiy; and
indeed subsequently.®* They are included in Table 1.3 for comparison. It is interesting to note, however, that
this simulator study showed 8 higher energy expenditure during combat/emergency conditions than during other
phases of flight: a reversal of the pattern seen during in-flight studies.

Ground-Based Studies, As Figure 1.1 (p4) shows, the modern fast jet piiot is required to operate efficientiy
whilst wearing 8 large anount of heavy clothing and equipment. It is therefore iegitimate to consider the
energy expenditure of aircrew after they have donned this equipment but before and during entry to the
cockpit and strapping into the seat. Three such studies were undertaken st the RAF Institute of Aviation
Medicine In 1974/75. In the first, the oxygen upteke of six subjects was studied during dressino, weikino and
strapping into a cockpit; in each of four different clothing assemblies.”* In the second study, measurements
were made while wearlng the heaviest of these assemblies and walking at two different steady paces.’’ The
third involved & simiisr study of eight subjects wearing not only normal aircrew clothing, hut aiso chemicai
defence clothing. ** The consolidated results of these studies sre presented in Table 1.4. The vaiues for
energy expenditure, again in kcai.m~3,h=*, have been derived from those published which were iimited, in this
respect, just to volumes of oxygen consumed and peak vaiues of energy expended.

. - -
Stedy  Buts Rsf Mo of Clsthiag ik Wt Meuu susrqy sapenditers (kcsl.e z.h 1) duriug :
Subjects (kg) { Rustiug Doswisg Valking Strupping Rucsvary
2.5eph  2.70ph  3.5eph 4, Omph -iu
Vithey 1974 92 6 Control - 9 93 135 121 53
Jet:summer low ait 1.2 113 146 159 160 95
Jet:summer high alt 4.3 L 1% 10 148 92
Jetiwinter low ait 1.7 93 162 195 193 95
Jet:winter high alt 16 5 92 183 3 157 96
Davison 1974 93 8 Control 134 229
Jet:winter high ait é 192 329
Jet: " +AVS 182 304
Davison 1979 94 8 Helicopter AEA e 1%4 214
Helicopter AEA « (D 162 217

. -
Assumes 30 oxygen caloric equivalent of 4.838 kcal.t L and a mean body surface area of 1.9:2

Table 1.4 Sunmary of studles of ground-bssed energy expenditure
of subjects wearing verious sircrew equipment aeserblies

The conclusions drewn from these studies included the obvious one that the heavier and more restrictive the
sircrew clothing, the greater was oxygen upteke, In adcltion, donning clothing and strapping into the seat
were perticularly demanding, but walking st 3 - 4 mph (4.8 - 6.,4knyh=-') was the most severe condition
studied. Weight of clothing per se was not considered to be & major cause of the increased demand (since an
additional welght belt did not slone csuse an incresse), and nor was a rsised hody temperature, Rather, it
was suggested that mechanical factors such as Inflexibility and friction between clothing layers was the most
likely explanation, It iz interesting to note thst chemicai defence clothing was considered to be associsted
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with oniy & "slight end unimportent” incresse In energy axpenditurs. More recent studies, eithough supparting
this view, have slso conciuded that the hest load imposed by working in such equipment s considereble.®®

The overaii Impression from ail of this work, meagre though it is for high performance sircraft, is that pliots
expend iittie more energy durlng routine fiight than they do when sitting et rest. At times of severe stress,
howaver, es for exampie during emergencies, eerobstics snd combst, energy requirements mey rise consldersbiy;
whiie teke-off and isnding raquire leveis somewhere In between, Sherp et ei'* conciuded thet the avaiisbie
informstion, in 1971, wes not heipful In providing physiologicel advice to the designers of thermai conditioning
systems. This situetion stiil obtalns todey. The same suthors feit that e recording system, cepabie of
accommodetion In modern cockpits with minimum Interference with normsi operetions, was essentiei for the
elucidation of such edvice and thet, once eveilsbis, it wouid be necessary to define energy expenditure for aii
phases of flight during eppropriete flight profiles in each type of slrcreft, The present study, in part, was an
sttempt to fuifil this need.

Clesriy, however, the effacta of dressing, waiklng to the saircreft and strepping Into the seat must aiso be
recognised, snd the ebiiity of the cebin end eny personei thermeai conditloning systern to cope with large heat
production during these phases ls therefore of greet reiavance. The ldesi system shouid mainteln e meen skin
tempersture of 33°C under eii conditions.?® Beslides the meteboilc hest production described and Impiled in
the ebove studies, Hughes, In 1968, siso included clothing, elr distribution end, most significently, soier heeting
ss the fsctors infiuenclng cobiing requiraments’’ He spplied aii these factors In e theorsticel epprosch to
define the requirad mess fiows and cebin elr Iniet temperetures for thermal comfort, Current mliitery
speclficetions for conditioning systems require that mean cockpit eir tempersture In filght should not exceed
21°C (although 30 minute periods of incresss to 27°C ere permitted during ground operstlons or some in-fiight
manoeuvres). ' Of eil these factors, metsholc hest production during high performance filght is the Ieest
studiad yet potentleiiy the most importent. In 1977, Nunneley snd James conciuded that "In the future,
physloioglce]l conditlons - (by which they mesnt tharms! conditions) - which are traditionsiiy regerded es
uncomnfortabie, but Innocuous, may sctuelly iimit totel system effectlveness.”*®

1.3 Rewpirstory Requirements for Bresthing Systers

The primery purpose of en sircreft brasthing system is to msintein adequste oxygenstior, of Its user during
escent into e rerefled etmosphere whiie imposing the minimum of Interference with ncemal raspirstory

beheviour end genersi efficiency. This raquirement may be rmore simply steted es esdequeste cumposition snd
fiow et minimum resistence.

As was estabilshed sbove, sn oxygen system shouid idesliy lmpose no resistence to bresthing: in practice,
howaver, this conditlon is Impnssibie to fuifii. Much of the iitersture in this fleid hes, therefore, bae:
concerned with the definitlon of acceptabie iimits of bresthing resistence. Silvermen et ei, in 1945, conciuded
that "e iimlt on sxternsi raspiratory work eppesrs to be the best besis for steting toiersbie Iimits of
rasistence.”t** Such iimits ere clesriy needed to minimise the degree of additlons]l work of bresthing lmposed
by edded externei resistence over long periods, and to forestsii eny ‘’downstraam' embersssment of
cerdlovescuier function. In 1960, Cooper, esithough principeily concerned with ciosed circult systems, prorosed
standerds of resistance (snd methods of essessment) In terms of totei rate of respiretory work done on the
epperetus.'*t He modified the racommendstions of Siivarmen et ol snd reised the suggested scceptabis rete
of edditionsi work from their 0.6% of totei work rete to 0.74%. He further suggested thet spperstus shouid
be testad between fiows of 2DL.min~: end 100L.min~t. Other workers heve proposed other iimits of
ecceptabiiity, expressed in differant terms, For exsmpis, Bentley et oi, from e study of 158 mine rescus
workers during exerclse, conciuded thet 90% of a popuistion wouid experlence no dlscomfort when breesthing
through apperstus with jow rasistence explrstory vaives, if the pressura swing across the epperstus remained
iess then 17 cm water (1.66kPs) under stsedy fiow conditions.!'®*® Four years leter, the same group of
workers had changed their own form of expiession end declared the 90% no-discomfort limit to occur if mesn
Inspiratory work reta did not exceed 1.37 J.L -:}*?

This leck of uniformity end consistency is not helpfui, particuieriy when physioiogists ere raquirad to eadvise
design snginesrs on the essentlel snd desirsble specificstions of proposed bresthing systeme. Thus, with regerd
to specificetions for miiitery systerrs, 8 different end more exact method of defining design requirements has
long besn sdoptad, besed upon physioiogicei knowiedge but transisted into e resdiiy comprehensibie form. The
specificetion to which the Roysi Air Force subscribes (sand to which the sir forces of the United Stetes,
Canada, Austreila and Naw Zesisnd sre siso signstories), and which now forms pert of an Air Stsndsrdizetion
Agrsement, ieys down precise performance cherscleristics to be met by the whois bresthing system,
Acceptable ieveis of rasistance sre defined et givan flows and the istter, based In isrge part on the studles
reviawad in pert 1.2.3b (p9 et seq) above, ere ususliy derived from mean velues pius twice the stendasrd
deviation, since veristions batwssn maximum snd minkrum veives in @ isrge group may be 8s much as 100%.*
in 1965, Ernating ** iistad the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>